Introduction
Lentil (Lens culinaris Medik.) is an ancient crop that originated in the Near East (Zohary, 1999) and subsequently spread throughout the Mediterranean Basin and central Asia (Cubero and Malbon, 1984; Lev-Yadun et al., 2000) . Over time, local constraints produced wide diversity within the L. culinaris species, resulting in a myriad of different landraces (Erskine, 1997) . However, the cultivation of lentils has progressively decreased in industrialized countries in favour of more remunerative crops. Consequently, several local populations have disappeared and those still being cultivated are at a high risk of severe genetic erosion (Ladizinsky, 1993; Piergiovanni, 2000) .
Various local landraces have evolved in several Italian regions thanks to an optimal combination of climate, soil and moisture, although modern agricultural practises are eroding the genetic richness of this plant species. Several landraces are on the verge of extinction; others are grown only by elderly farmers, mainly in marginal lands, for their own consumption and, occasionally, for local markets (Piergiovanni, 2000) . Unlike modern cultivars selected for their performance in specific environmental conditions, local landraces have a high genetic variability. Having evolved adaptive gene complexes conserved by genetic linkage or natural or human selection, they are highly adapted to different environmental conditions.
An understanding of genetic variation within the lentil germoplasm and of the genetic relationship between landraces is important because: (1) a broad genetic diversity can accelerate the genetic improvement of crops and (2) the identification of genetic variation is an effective method of stratifying and sampling variation in germoplasm collections and can help to define priorities for conservation programs.
Thus far, genetic variation of the lentil germoplasm has been evaluated based on morpho-physiological traits (Erskine et al., 1989; Lazaro et al., 2001; Tullu et al., 2001; Yan'kov et al., 2001) , isozymes (De La Rosa and Jouve, 1992; Rodriguez et al., 1999) , seed storage proteins (De La Rosa and Jouve, 1992 , Echeverrigaray et al., 1998 , Piergiovanni and Taranto, 2005 or such molecular markers as random amplified polymorphic DNA (Sharma et al., 1995) and ISSR (inter-simple sequence repeat) (Alvarez et al., 1997; Sonnante and Pignone, 2001 ). More recently, proteomics, an innovative approach involving the comparison of several hundred to several thousand gene products revealed by two-dimensional gel electrophoresis of protein extracts, has been successfully applied to investigations of natural variations within plant species populations. Indeed, protein spots resolved by two-dimensional gel electrophoresis are de-facto genetic and physiological markers (Damerval et al., 1994; De Vienne et al., 1996) that can be used to assess genetic variability and to establish genetic distances and phylogenetic relationships between lines, species and genus (Thiellement et al., 1999) .
Different methods sample genetic variation at different levels, and have different powers of genetic resolution: 'neutral' DNA markers like microsatellites, widely used to study genetic diversity among populations, describe relations between species in terms of time divergence ('molecular clock') (Thiellement et al., 1999) , whereas phenotypic markers like morpho-physiological traits can provide information about adaptive responses to macroenvironmental conditions (David et al., 1997) . Obviously, a study involving all these techniques would provide more information about genetic variation than each technique used alone.
This study had two main goals: (1) to investigate the genetic relationship between two local lentil landraces severely threatened by genetic erosion, using an integrated approach and (2) to explore the potential of proteomics as a tool with which to investigate natural variation within and between lentil populations.
Materials and methods

Plant materials
In this study, we compared Molise lentil landraces (six from Conca Casale and seven from Capracotta-two small villages in the Molise region of central-south Italy) with five others: the widely marketed Turkish red lentils and Canadian lentils, the Castelluccio da Norcia ecotype, which is the only one in Italy to be awarded the IGP (geographically protected brand), and with two other autochthonous landraces from the central Appenine area, namely, Rascino and Colfiorito lentils.
L. culinaris Medik. seeds of autochthonous landraces were (Conca Casale and Capracotta) collected from local farmers, and stored in the Molise germoplasm bank at the University of Molise (Pesche), and commercially available varieties were used for the molecular, morphological and biochemical investigations.
Morphological analysis
Eight morphological parameters were measured for each lentil seed population: area (mm 2 ), perimeter (mm), major axis length (mm), minor axis length (mm) and roundness were measured from digital images by using the software Image tool V2.1; 100-seed weight, 100-seed volume and density (g ml
were measured with a precision balance and a graduated cylinder.
One hundred seeds of each landrace population and each commercial variety were used for the morphological analysis. In order to process the data set using multivariate statistical analyses, we standardized the basic data matrix as follows: the variables were transformed to obtain a mean of zero and a variance of one. A standardized matrix of 18 populations using eight morphological variables was subjected to principal component analysis (PCA) and cluster analysis, which was performed using the unweighted pair group method with arithmetic (UPGMA) mean method (Sokal and Minchener, 1958) .
Protein analysis
Total protein was extracted according to the method of Rabilloud (2000) with minor modifications. Independent samples (2.0 g of dry seeds) were finely powdered in liquid N 2 using a mortar, and the resulting powder was suspended in 10 ml of buffer A (10% trichloroacetic acid or tricarboxylic acid, 0.07% b-mercaptoethanol in cold acetone at À20 1C) and then filtered through Miracloth. Proteins were precipitated at À20 1C for 4 h, centrifuged at 35 000 g for 15 min and rinsed twice with cold acetone, 0.07% b-mercaptoethanol for 4 h at À20 1C. The pellet was recovered by centrifuging at 35 000 g for 15 min, dried under vacuum and solubilized in 300 ml of L 2 buffer (urea 7 M, thiourea 2 M, Chaps 4%, Triton X-100 1%, Tris 20 mM, dithiothreitol (DTT) 1% and ampholine 3-10 0.2% and 5-7 0.15%). Protein concentration was estimated according to Peterson (Lowry's method modified) using bovine serum albumin as standard (Peterson, 1977) .
For two-dimensional gel electrophoresis, protein samples were focused on immobilized pII gradient (IPG) strips and then subjected to SDS-polyacrylamide gel electrophoresis (PAGE) electrophoresis. IPG strips (17 cm pH 4-7, Bio-Rad ReadyStrip; Bio-Rad, Hercules, CA, USA) were rehydrated overnight with 300 ml of isoelectrofocusing (IEF) buffer containing 600 mg of total proteins. Proteins were focused using a Protean IEF Cell (Bio-Rad) at 12 1C, applying 250 V (90 min), 500 V (90 min), 1000 V (180 min) and 8000 V for a total of 55 kVh. After focusing, proteins were reduced by incubating the IPG strips with 1% w/v DTT for 15 min, and alkylated with 2.5% w/v iodoacetamide in 10 ml of 50 mM Tris-HCl pH 8.8, 6 M urea, 30% w/v glycerol, 2% w/v SDS and a dash of bromophenol blue, for 15 min. Two-dimensional electrophoresis was carried out using a Protean apparatus (Bio-Rad) and 12% polyacrylamide gels (17 cm Â 1.5 mm) in 25 mM Tris pH 8.3, 1.92 M glycine and 1% w/v SDS, with 120 V applied for 12 h. Each sample was run in triplicate. Protein spots were annotated only if detected in two out of three gels.
Standard proteins (Bio-Rad) were used to estimate the molecular weight of the protein spots. Gels were fixed for 1 h with a solution of acetic acid 7% and methanol 40% and stained overnight with Brilliant blue G-Colloidal Concentrate (Sigma Aldrich, St Louis, MO, USA), and scanned using a Chemi Doc (Bio-Rad). Image analysis was performed using the PDQuest software 8.0 (Bio-Rad). Spot detection and matching between gels were performed automatically, followed by manual verification. After normalization of the spot densities against the whole-gel densities, the percentage volume of each spot was averaged for the three different replicates for each gel. For qualitative analysis, we considered the presence or absence of spot in each proteome map. PCA and cluster analysis (UPGMA) were carried out on Jaccard's distance matrix computed on the presence/ absence matrix of proteins for the qualitative data analysis. The same multivariate statistical analyses were carried out on the standardized matrix of the abundance (relative volume) of protein spots (quantitative data analysis).
DNA analysis
We used the ISSR markers to analyses genetic relationships between the different lentil landrace populations at DNA level. Five seeds for each landrace population were germinated in a growth chamber under controlled conditions (25 1C), and total genomic DNA was extracted from the youngest leaf of 10-day old seedlings using the adapted hexadecyltrimethylammonium bromide (CTAB) method reported by Taylor et al. (1995) . DNA was quantified by measuring the absorbance at 260 nm on a spectrophotometer, and individual stock concentrations were adjusted to 10 ng ml À1 for PCR. A total of 10 ISSR primers were used for the analysis (Table 1 ; Supplementary material), 6 (1-6) primers were designed as reported elsewhere (Sonnante and Pignone, 2001) , and the remaining 4 (7-10) were chosen randomly.
Amplification reactions were carried out in volumes of 25 ml containing 50 ng template DNA, 1 unit of GOTaq DNA polymerase (Promega Inc., Madison, WI, USA), 0.25 mM each deoxyribonucleotide triphosphate (Promega Inc.) and 1 mM primer (Diatech-Operon Technologies, Huntsville, AL, USA), in 1 Â reaction buffer (50 mM KCl, 1.5 mM MgCl 2 , 10 mM Tris-HCl pH 9.0). PCR reactions were run in a Thermalcycler (Applied Biosystem GeneAmp 2700) under the following conditions: 1 min at 94 1C, for initial denaturation, 35 cycles of 30 s at 94 1C (denaturation), 1 min at annealing temperature (Table 1) , 2 min at 72 1C (extension), followed by 10 min at 72 1C for final extension of the single strands. ISSR amplified fragments were resolved on a 1.5% agarose gel stained with ethidium bromide and visualized under UV light. Gels were scanned with the Bio-Rad Gel Imaging System (Bio-Rad) and amplification profiles were analysed with the Quantity-One Band Analysis software (Bio-Rad). Bands were scored as presence or absence and the raw data were processed to obtain genetic distance matrix of Nei (1972) (among populations) by means of the GeneAlEx 6.0 programme (Peakall and Smouse, 2006) . A hierarchical partition of genetic variation among and within populations was obtained by means of the analysis of molecular variance (AMOVA) (Excoffier et al., 1992) . Subsequently, we used PCA to order the location of the samples in relation to genetic distances, and cluster analysis (UPGMA) to produce a dendrogram.
Results
Morphological data analysis
In our morphological analysis, we examined eight different seed characters (see 'Materials and methods'), of the Conca Casale and Capracotta lentil populations, and of the commercial lentil varieties (Castelluccio di Norcia, Turca rossa, Canadese, Rascino and Colfiorito). For each character average and standard deviation was calculated (Table 2 ; Supplementary material). We also carried out a PCA on a standardized matrix of 18 populations for eight morphological variables. In the scatter plot of PC1 and PC2 scores (Figure 1a ), which accounted for 77.85 and 20.28% of the total variance respectively, the Conca Casale populations were well Values indicate the correlation coefficients between the first two principal components and the morphological characters. Values indicate the correlation coefficients between the first two principal components and the differentially expressed protein spots.
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separated from all other populations. Along PC1, Capracotta population 5 was totally distinct from the other populations, and the differences were in terms of size. In fact, area, perimeter and the lengths of the major and minor axes were the morphological variables more closely correlated to the PC1. Also weight and volume differentiated population 5 from the others along this component (Table 1) . Along PC2 are the differences in roundness and density ( Table 1 ) that distinguish the Conca Casale populations from the other populations. We examined the same standardized matrix of morphological features with cluster analysis, and the resulting dendrogram revealed three main clusters (Figure 1b ). The first cluster is divided into subcluster 1a, which is related to the Conca Casale populations, and cluster 1b, which is related to Capracotta populations 4 and 6 and the Rascino population. A comparison of the results of cluster analysis with the PCA results showed that the three latter populations and the Conca Casale populations were related along PC1, which implies they are similar in size. Cluster 2 consists of all commercial populations and the Capracotta populations, except for population 5, which constitutes the third cluster and differs from the others in size.
Protein analysis
We examined the genetic relationships between and within lentil populations by comparing their seed proteomes. Total proteins extracted as described under 'Materials and methods', were resolved by twodimensional electrophoresis and stained with colloidal Coomassie blue. In a preliminary two-dimensional analysis, where total seed proteins were isoelectrofocused on a 3-10 IGP strip, we found that the majority of proteins were concentrated in the range of pH between 4 and 7 (data not shown). By resolving the protein on a 4-7 IGP, the maps obtained for each population were highly reproducible, with an average of approximately 193 well-resolved spots, without streaking. For each sample, the triplicate gels were first matched to create an average gel containing spots observed at least twice in the three gels. Using the PDQuest software 8.0 (Bio-Rad), we then matched the average gel of each population with a master gel. The map of Capracotta population 1 was chosen as master gel because it had the highest number and the best resolution of spots. Conca Casale population 5 was excluded from the biochemical analysis because of the poor quality of proteome maps. As reported in Figure 2 , the statistical analysis carried out with the PDQuest software showed that at least 71 proteins were differentially expressed among the different landrace populations. To analyse qualitative biochemical data, we applied a PCA using Jaccard's distance matrix (Jaccard, 1908) . The scatter plot of PC1 and PC2 (accounting for 38.43 and 12.35% of total variance, respectively), and the scatter plot of PC1 and PC3 (accounting for 8.55%) are shown in Figures 3a and b . Two main groups were recognizable along PC1: because of negative loading of the axis, the populations of Capracotta were grouped with the four commercial populations; whereas because of positive loading, all the Conca Casale populations were grouped with populations 3 and 4 of Capracotta and with the Rascino population (Figure 3a) . PC2 distinguished Capracotta population 5, which was previously morphologically different from all the other populations (Figure 3a) . Finally, PC3 separated the Conca Casale populations from the three populations (populations 3 and 4 of Capracotta and the Rascino population) that were similar along PC1 (Figure 3b) .
Cluster analysis yielded similar results (Figure 4 ). Three clusters were identified: cluster 1 comprised the four commercial populations and all Capracotta populations, which were grouped because of negative loading of PC1, whereas cluster 2 was formed by Capracotta population 5, which was separated from other populations along PC2. Finally, the third cluster comprised the Conca Casale population, the Rascino population and Capracotta populations 3 and 4. This cluster was separated from all other populations because of positive loading of PC1.
The quantitative biochemical analysis was based on the relative abundance (% vol) of protein spots in the map of each population. Thus, we analysed also the quantitative biochemical matrix of 17 populations and 193 proteins by means of PCA. The matrix of quantitative data was subjected to PCA and all cases were projected on the first two principal components (Figure 5a ), which explained 31.92 and 10.69% of total variance, respectively. Along PC1, Capracotta populations 1 and 2 were distinct from other populations; whereas, because of the negative loadings of PC2, all Conca Casale populations and Capracotta population 5 were distinct from all other populations because of positive loadings (Figure 5a) .
From a comparison of the PCA and PDQuest results (Figure 2) , the protein spots that characterize the different populations may be identified. In fact, as reported in Table 2 , among the 71 differentially expressed protein spots, 8 distinguish populations 1 and 2 of Capracotta from the other populations along PC1 (Pr7, Pr8, Pr31, Pr63, Pr74, Pr108, Pr118, Pr167); 5 protein spots characterize the Capracotta population 5 (the macrosperma) along PC2 (Pr34, Pr54, Pr127, Pr134, Pr189); 12 protein spots separate all the Conca Casale populations from the others along both PC1 and PC2 (Pr21, Pr22, Pr38, Pr39, Pr42, Pr49, Pr59, Pr60, Pr178, Pr179, Pr180, Pr183); 8 protein spots characterize the Conca Casale population only along PC1 (Pr23, Pr64, Pr102, Pr128, Pr134, Pr154, Pr175, Pr181), whereas an additional 15 discriminate the same population only along PC2 (Pr7, Pr8, Pr31, Pr43, Pr47, Pr63, Pr74, Pr86, Pr93, Pr94, Pr96, Pr101, Pr108, Pr117, Pr118). The remaining 48 protein spots discriminate the Capracotta varieties (3, 4, 6, 7) from the commercial varieties (Table 2 ; Figures 2 and 5) .
Cluster analysis (UPGMA) of the same quantitative biochemical data revealed three main clusters (Figure 5b ). The first cluster consisted of all Conca Casale populations, which were separated from other populations along PC2. Cluster 2 consisted of all commercial populations and the Capracotta populations in which populations 1 and 2 formed a subcluster. Population 5 of Capracotta formed the third cluster.
DNA data analysis
Genetic relations among the autochthonous lentil landraces and commercial varieties were evaluated by using the ISSR markers that differentiate closely related genotypes (Zietkiewicz et al., 1994) . Of the 10 ISSR primers initially tested, 7 (Table 1 ; Supplementary material; ISSR 1, 2, 3, 5, 6, 9, 10) yielded satisfactory polymorphic and reproducible amplification profiles and were thus used to analyse 90 samples belonging to 18 populations (13 autochthonous, and 5 commercial). Each primer amplified an average of 40 major scorable DNA markers, but only the polymorphic marker, accounting for the 70%, was considered for further analysis.
The AMOVA showed that most (74%) of the total genetic variability was among populations; the remaining 26% of total diversity was within populations. The PhiPT indicated a significant genetic differentiation among populations (Table 3) .
PCA was performed on Nei's genetic distance and Figure 6a shows the scatter plot of PC1 and PC2 scores, which accounted for 53.15 and 17.50%, respectively of total variance. Along PC1, Conca Casale populations were well separated from all other populations. Along PC2, the populations of Capracotta were separated from all others, apart from the Castelluccio di Norcia population. The Turca Rossa population was well differentiated from the others.
The dendrogram (Figure 6b ) constructed using the UPGMA confirmed PCA results. In fact, four main clusters were identified: all Conca Casale populations were grouped in cluster 1, and all the Capracotta populations were grouped in cluster 3 together with the Castelluccio di Norcia population. All commercial populations were grouped in cluster 2, except Turca rossa that formed cluster 4.
Correlation between matrices
To evaluate the congruency of the results obtained with the different procedures, and to verify if our integrated approach of analyses at morphological, DNA and protein level is a valid tool with which to assess genetic variation, we examined the correlation between the matrices of the data sets using the Mantel's test (Mantel, 1967) . We carried out Mantel's test using the Numerical Taxonomy System (NTSYS pc version 2.2) software, and three genetic distance matrices (Nei, 1972) : dissimilarity matrices of morphological traits (Euclidean distance), Jaccard's distance matrix of qualitative biochemical data and Pearson's distance matrix of quantitative biochemical data. As shown in Table 4 , the genetic distance was closely correlated with morphological data, with quantitative biochemical data and with qualitative biochemical data. Moreover, a three-way Mantel test (Smouse et al., 1986 ) confirmed a close correlation (0.763; P ¼ 0.001) among matrices of DNA markers, morphological and qualitative protein data. Significant correlations were also identified between geographical distance and distance matrices of DNA markers (0.472; P ¼ 0.002), quantitative protein (0.486; P ¼ 0.001) and qualitative protein (0.509; P ¼ 0.001) data, in Italian populations of L. culinaris.
Discussion
A wide variety of methods has been used to investigate genetic similarities and relations among L. culinaris Medik. landraces. Morphological and phenological studies have revealed relevant differences in Italian lentil populations (Gallo et al., 1997) , whereas few studies have evaluated genetic variation at molecular (Sonnante and Pignone, 2001) or biochemical level (Senatore et al., 1992) . Morphological and phenological traits are often controlled by multiple genes and are subjected to the action of environmental factors, and differences between clones or closely related species are not always absolute (Ahmad et al., 1996) . However, patterns of variation, analysed at genome level, may be influenced by the genetic markers used (Sonnante and Pignone, 2001) . Different methods have different powers of genetic resolution and provide different information. In this study we used a combination of morphological, genomic and proteomic analyses to characterize two autochthonous lentil landraces and establish their relationships with several widely used commercial varieties.
Both PCA and cluster analysis of the morphological traits of lentil seeds separated the 18 populations into AMOVA, analysis of molecular variance; d.f., degrees of freedom; P, relative probability; SS, sum of squares.
three main groups: group 1 represented by six populations from Conca Casale (subgroup 1a), two populations from Capracotta and the commercial variety Rascino (subgroup 1b); group 2 consisted of four populations from Capracotta and the commercial varieties Colfiorito, Castelluccio, Canadese and Turca Rossa; group 3 consisted of population 5 from Capracotta. Area, perimeter, major and minor axes were the morphological variables that distinguished, along PC1, population 5 from Capracotta from the other populations, including those from central Appenine areas. On the basis of seed size, cultivated lentils are classified as macrosperma and microsperma, which are considered subspecies, races or varieties (Cubero and Malbon, 1984) . Our results show that Capracotta population 5 can be classified macrosperma, whereas all the other populations we studied are microsperma. Lentil populations of Conca Casale had very homogeneous morphological traits and their reduced density and roundness clearly distinguished them from the other microspermae along PC2.
In the first half of the 20th century, microsperma and macrosperma lentils were cultivated in marginal areas of the Appenninic ridge, however changes in land use over the past 50 years resulted in the disappearance of many of these populations (Piergiovanni, 2000) . Although the increase in seed size is one of the most conspicuous changes resulting from domestication, and the largeseeded types are considered more 'advanced' (Zohary, 1976) , macrosperma landraces are not commercially successful and have thus become the endangered landrace species. An overview of recent cultivation of lentils in Italy identified 63 populations mainly in Appennine and sub-Appennine marginal regions (Laghetti et al., 1996; Hammer et al., 1999) . The list included the microspermae of Capracotta, but neither the macrosperma of Capracotta nor the microsperma landrace of Conca Casale.
The results of the quantitative (continuous variation in spot intensity) and qualitative (presence/absence) biochemical analysis of total seed proteins separated by two-dimensional electrophoresis confirmed our morphological data. In both cases, the PCA differentiated the macrosperma population of Capracotta from all other populations, including the microspermae lentils from Capracotta. In the case of microspermae, the Conca Casale populations had a homogeneous quantitative and qualitative protein composition and clustered together. Differently, the Capracotta populations were more heterogeneous and clustered with the commercial lentil varieties depending on their qualitative or quantitative composition.
Earlier studies investigated the genetic variability within and among different lentil populations using isozymes (De La Rosa and Jouve, 1992; Rodriguez et al., 1999) or seed storage proteins (De La Rosa and Jouve, 1992; Echeverrigaray et al., 1998) . In our study, we used two-dimensional electrophoresis to evaluate genetic variability. Unlike one-dimensional electrophoresis, which separates proteins according to their molecular weight, two-dimensional electrophoresis resolve proteins based on isoelectric point and molecular weight, allowing the examination of a broad spectrum of proteins and, consequently, a substantially larger number of protein-encoding loci. Moreover, twodimensional electrophoresis is a high-resolution technique that separates thousands of genetic products (protein spots) on a single gel and detects isomorphs, polymorphisms and changes such as post-translational Modifications (that is phosphorylation, glycosylation, acetylation and methylation) induced for instance, by precise ecological situations experienced by individuals (David et al., 1997; Chevalier et al., 2004) . Furthermore, two-dimensional electrophoresis coupled with mass spectrometry are the key components of the current proteomics technology, which has been successfully used 
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GS Scippa et al in various phylogenetic studies (Mosquera et al., 2003; Chevalier et al., 2004) . In addition, proteomic approach represents a powerful tool with which to identify 'physiological markers', and to determine if differences between populations are due to adaptation to particular environments (David et al., 1997) . In our study, we compared the two-dimensional maps of the different populations to assess genetic relationships among lentil species and to evaluate if differences between and within populations are stochastic or are specific protein markers. Our results show that at least 71 protein spots are qualitatively and/or quantitatively differentially expressed among the different landraces. Furthermore, the correlation between the differentially expressed protein spots and the PC scores shows the ones that have greater major weight in the population discrimination. These protein spots recognized on the proteomic maps will be analysed by means of amino-acid sequencing to characterize further and to determine their physiological function. The three data sets (morphological, qualitative and quantitative protein analysis) gave similar results and were significantly correlated with DNA markers data. In fact, the DNA investigations, carried out with ISSR polymorphisms, confirmed the data obtained with the morphological and protein analyses. In detail, multivariate analyses (AMOVA, PCA, UPGMA) of ISSR data showed that the genetic variation is higher among than within populations, and that the populations of Conca Casale are all grouped in a separate cluster that is distinct from the Capracotta and from all other commercial populations. Moreover, the seven Capracotta populations, including the macrosperma, and the commercial variety from Castelluccio were grouped in a single cluster, well distinguished from the Conca Casale cluster and from the other commercial populations. Thus, even though the morphology and proteome of the Capracotta macrosperma lentil variety (population 5) distinguished it from the other six populations, it does belong to the same genetic group. Furthermore, it is possible that the commercial variety of Castelluccio di Norcia may have the same origin as the landrace from Capracotta.
We next applied Mantel's test (Mantel, 1967) to investigate the correlation between the data with three different methods, and to determine whether proteomics is a valid tool with which to evaluate genetic relationships between and among lentil populations. The results showed significant correlations between the matrices. The genetic distance was highly correlated with morphological data, and with quantitative and qualitative biochemical data. Moreover, when a three-way Mantel's test was performed among DNA, morphological and qualitative biochemical data, the high correlation found confirmed a strong relation among these three data set, which gave similar information about population relationship.
The high correlation between the DNA molecular markers and protein analysis data may indicate that the variability observed at proteomic level could be due to alterations in proteins in response to specific environments and related to allelic variation between populations and/or to epigenetic mechanisms. In fact, qualitative protein variation involves the presence or absence of spots according to the genotype and is often due to such allelic variations resulting in protein isoforms with different isoelectric points or apparent molecular masses (De Vienne et al., 1996) , whereas quantitative variation involves continuous variation in spot intensity, which reflects differences in the relative abundance of the protein whose expression can be controlled by several loci (Damerval et al., 1994) .
Moreover, there was a significant geographical structure among the Italian lentil populations at both genetic and biochemical level. This suggests that a reduced genetic diversity within populations can be related to geographical isolation of populations, which increased the distinctiveness features in the biochemical composition of the two autochthonous populations of L. culinaris.
In conclusion, our study shows that: (1) the lentil populations of Conca Casale are clearly differentiated from the five commercial populations, at morphological, protein and DNA level; (2) all the Capracotta populations, including the macrosperma, separate very well, at DNA level, from all the Conca Casale populations and from the commercial varieties, except Castelluccio di Norcia, which seems to have similar origin. However, at morphological and protein level the Capracotta populations show a more heterogeneous segregation, as for instance although the Capracotta macrosperma and microsperma landraces belong to the same genetic group, they have developed different morphological and biochemical traits and (3) the proteomic approach can be considered a powerful tool in the phylogentics and in the identification of the physiological and/or environmental markers that characterize different populations. The strong correlation found between the genomic and proteomic data strongly suggests that protein markers, resolved by two-dimensional electrophoresis, well characterize the different landraces, evidencing differences according to their physiological status. In fact, taken together our results support the use of proteomics as a tool in phylogenetic studies and highlight its potential to identify proteins that may be specific markers of particular environmental conditions. We plan to purify further and identify by mass spectrometry the protein spots that differentiate the various populations in an attempt to cast light on their physiological function.
